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THE EFFECTS OF VORTEX COHERENCE, SPACING, AND CIRCULATION
ON THE FLOW-INDUCED FORCES ON VIBRATING CABLES

AND BLUFF STRUCTURES

INTRODUCTION

If one of the natural frequencies of a bluff body immersed in a moving stream of
fluid is near the frequency at which vortices are naturally shed from the body, then self-
excited resonant vibrations can occur if the damping of the system is sufficiently low.
There is also a range of frequencies near this so-called Strouhal frequency of vortex
shedding over which forced vibrations of the body cause the vortex frequency to be
captured by, or to synchronize rw+ 4bv the hody frequency. This means that the body hand
wake have the same characteristic frequency and that the Strouhal frequency, relating to
the vortex shedding from a stationary body, is suppressed. The forces which act on a
structure are amplified as a result of such vibrations, and these forces are closely related
to the changes which occur in the wake flow downstream of the body.

Most early investigations [1-6] of this synchronization or lock-in phenomenon dealt
with vibrating rigid cylinders, since the wakes of these bodies are nominally two dimen-
sional and are more readily compared to typical stationary-cylinder results 17-12]. More
recently the authors exam..ined the wake flow behind a vibrating flexihle cable [13,14],
where the wake is three dimensional due to the variation of the vibration amplitude along
the body span. So far as was possible, a comparison was made between results obtained
for those segments of the cable that were resonantly vibrating and corresponding results
obtained with vibrating cylinders. In the present report all of the regimes of a vibrating
cable's wake are considered, with emphasis on the wake flow near the node. The pur-
poses of the present study are to further investigate the applicability of rigid-cylinder re-
sults by a direct comparison of vortex-strength and drag measurements and to gain further
insights into the distribution of the time-dependent fluid forces and the near-wake flow.
Finally in +his report tho roculting fluid force distribution is discussed in relation to
known cable vibration characteristics in order to determine the applicability of certain
simplifying approximations in modeling the vortex-induced response of flexible structures.

RELATED INVESTIGATIONS

In one of the early studies of wakes of vibrating rigid cylinders Koopmann [1]
showed that frequency locking between the wake and the cylinder occurs within a range
of ±25-30 Dercent of the Strouhal shedding frequencyv Rnth Koonmann nnd Griffin [91
observed the increased correlation or coherence of the shedding along the cylinder for
forced oscillations greater than about 10 percent of a cylinder diameter. Additional
evidence of this phenomenon was given by Ferguson and Parkinson [3] by means of

Manuscript submitted October 20, 1975.
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pressure correlations in the wake and on the surface of an oscillating cylinder. Toebes
[41 later examined the correlation of velocity fluctuations and base pressure near a
forced vibrating cylinder at high Reynolds numbers near 104 or 105. Earlier work by
Roshko [71, Bloor [8i, Bloor and Gerrard [9j, and Shaefer and Eskinazi L101 provided
basic information about the structure of the vortex wake of a stationary cylinder that
serves as a basis for comparison.

Information on the strength of vortices is sparse for stationary bodies, and only one
study is known to have considered the effects of rigid-cylinder vibrations on vortex
strength [151. The introduction of transverse vibrations, either vortex-excited or forced1
into the body-wake system increases the complexities involved in any attempt to deter-
mine such wake parameters as vortex strength and spacing, since these parameters depend
on the length of the vortex formation region and on the distance from the end of the
formation region to a measurement point in the wake. The investigations by Griffin 121,
Griffin and Votaw [51. and Griffin [61 have explored the dependence of the formation-
region length and wake structure behind rigid cylinders on the amplitude and frequency
of vibration. These experiments also showed that the formation length is an appropriate
scaling length for the vortex wake of an oscillating bluff body.

With this fundamental background the authors initiated the investigation of the three-
dimensional vortex wake behind a vibrating flexible cable because of its practical impor-
tance in the modeling of the flow-induced vibrations of undersea cables and other ftexi-
ble bluff structures. It was observed [131 that the length of formation is related to the
amplitude and frequency of the vibratory motion in much the same way as had been
found for rigid cylinders. Similarly the remaining downstream wake structure can be
scaled by this formation length, and doing so yields comparably scaled rms and mean
velocity distributions.

Also, the magnitude of the correlation of the shedding, the vortex spacing, and the
vortex convection speed were virtually indistinguishable from corresponding vibrating
cylinder results [141 over the spanwise portion of the wake where the cable and vortex
frequencies were locked together. Since the flexible cylinder wake is three dimensional,
the agreement of results is based on a correspondence between the wake behind a single
point on the cable and the two-dimensional wake of a rigid cylinder vibrating at the same
Reynolds number, frequency, and amplitude. Consequently the length of formation
varies along the cable span and directly reflects the amplitude distribution.

These results however are limited in that the amplitude along the cable eventually
drops below the threshold (approximately 10 percent of a diameter} usually associated
with the frequency-locking phenomenon. In the region between this point and the node
of the cable, the analogy between the cable and the rigid-cylinder wakes breaks down.
The purpose of the present report is thus to examine the flow field near the nodal
region of the cable, the region of resonant vibrations where the wake and body frequen-
cies are locked together, and finally the transition region adjacent to the node where the
vibration amplitude is below the frequency-locking threshold.
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EXPERIMENTAL SYSTEMS AND METHODS

The experiments reported here were performed in an open jet wind tunnel (Fig. 1)
with a 1 50-mm-square exit preceded by a 20:1 contraction section. Two DISA hot-wire
anemometers (55D05) with low-interference probes (55F01) were used for the flow
measurements, and the outputs from the anemometers were linearized in Lfe speed range
0.25 to 7.0 m/s. The linearized velocity signals were processed by a DISA analog correla-
tor (55D70) to obtain a crosscorrelation function. The test cable for the experiments
was a length of solid rubber cord with a nominal diameter d of 3.3 mm which spanned
thhe exit section in such a wny thnt n fall gfAnding wave of length l could he generated
inside the flow. In practice the cable was excited in its second mode with the a node
centered in the exit section (Fig. 2). The cable Strouhal frequency was adjusted by vary-
ing the flow velocity, and the forced excitation of the cable was provided by miniature
shakers acting as sinusoidal displacement inputs to each end of the cable. An L/d ratio
of about 45 and the use of endplates minimized any three-dimensional effects due to the
cable length and the air-jet boundaries.

Fig. 1 - Test system

3
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COORDINATES AT
ANTINODE ND 

iFtc 2- Cale hwaeivnen and enordinate svytem
at the wind-tunnel exit

SHAKERS

The shedding frequency from the stationary cable was determined from the spectrum
of the hot-wire signal. All spectral measurements were made with a Honeywel Saicor
Spectrum Analvzerffikital Integrator Model 51BI. The oeak-to-peak amplitude of the
cable vibration was obtained from a PhysiTech Model 440 Auto-Collimator. The optical
head of the collimator was placed about 1 meter directly downstream of the cable and
could be swiveled in the plane of the cable to detect the motion at any point across the
exit section.

The origin of the coordinate system (Fig. 2) is on the stationary cable axis at a point
where the vibrating cable has an antinode. The distance in the mean flow direction is
denoted by x, the distance perpendicular to the mean flow and perpendicular to the cable

is is denotfd hv v- and the distanee lona the cabhe axis is denoted hv z. The circuiar
cable of diameter d was oscillated in a plane normal to the mean flow from the wind
tunnel exit, and the local peak-to-peak amplitude of cable motion is given by a(z), the
cable vibration frequency by f, and the vortex shedding or Strouhal frequency of the
stationary cable by f[. The mean velocity measured at the probe is given by U, and the
free-stream mean velocity is given by UO. The fluctuating component of the velocity is
denoted by u and represents the instantaneous value measured at the hot-wire probe.
More detailed descriptions of the apparatus and calibration procedure are available in
Refs. 13 and 14.

Correlation Measurements

The spanwise crosscorrelation coefficient is defined by

1 T

p1/(Az} + J A ( t)u_ z + Az, dt 1 )

VT Jo ff ~ r f
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where uA and uB are the fluctuating velocity signals from the two probes. The spanwise
crosscorrelation functions were obtained by placing two adjacent probes behind a cable
antinode and traversing the near wake with one probe through the nodal region of the
wake and to the other antinode. Previous correlation data for the lock-in region as well
as criteria for positioning the probes are available in Ref. 14. Downstream correlations
are similarly defined and obtained when the spacial coordinate is x and the traversing
probe is moved in the streamwise direction. The result of this procedure, under appro-

iniat pnndli inc ic Q vnoaciiromant nf i-tin 1nncritiicrinA1 irn~r+nr cnaoinnr'priafe conditim., is a mea-uteme.- of thie lniuia otxsaig

Spectral Measurements

At any particular location the frequency content of the fluctuating velocity signal
was obtained from an integrated (averaged) spectrum of the linearized hot-wire signal.
The objective of the measuring and recording system was to provide a linear display of
the average amplitude of each contributing frequency, where the averaging was over
several (eight to 16 or more) sample spectra. Due to the nature of the lock-in phenomenon.
the spectra consisted of a number of spikes related to the two frequencies f and f$. The
characteristic wake length scales are the length of formation RF and wake width at forma-
tion dF, so that quantitative comparisons of various spectra would require similarity in
these scales. Since these scales vary along the cable span, traverses at constant displace-
ments of x and y yield only a qualitative comparison. Hence, no attempt is made to
express results on an absolute scale, and spectral components of the fluctuating velocity
are normalized with respect to a single arbitrary reference signal. The normalized com-
ponent amplitudes of the fluctuating velocity signal at the vibration and Strouhal fre-
quencies are thus C, and C. respectively, expressed in arbitrary units.

The Flow Visualization System

The vortex wakes were made visible by introducing a sheet of aerosol into the wind
tunnel. This technique, in which compressed air is bubbled through di(2-ethylhexyl
phthalate), or DOP, produces a chemically inert and nontoxic aerosol which has proved
highly effective for the visualization of vortex wake flows. The DOP aerosol was intro-
duced into the flow upstream of the cable from the trailing edge of a movable airfoil
positioned in the contraction section of the wind tunnel. In this way a DOP sheet
perpendicular to the cable axis could be located at any point along the cable. The strobe
lighting system was synchronized with the cable motion to visually confirm the locking-in
of the vortex shedding with the vibrations. Except for the movement of the airfoil
injector, the visualization system is the same as one which the authors previously described
in Refs. 5 and 15. Relative measurements of longitudinal vortex spacing were obtained
from the photographs by scaling the size of the anemometer probe in each frame. The
actual longitudinal spacing was also directly measured by means of the streamwise correla-
tion technique described at the end of the paragraph containing Eq. (1).

THE RANGE OF THE EXPERIMENTS

The results are presented and discussed in several separate sections. The first con-
tains spanwise correlation and spectral measurements at Reynolds numbers of 480, 525,

5
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570, and 610, corresponding to frequencies [if, = 1.10, 1.00, 0.92, and 0.86 respectively.
The downstream wake-velocity and vortex-spacing surveys which follow were obtained at
Reynalds numhers of 470. 570, 715, and t100 and at several comhination-s of frenuencv
and maximum amplitude. In the remaining sections, wake velocity measurements across
the cable span are used to compute the vortex strength and spacing and from these to
infer the distribution of the steady drag forces as well as the time-dependent lift and drag
forces on the cable. Finally, a comparison is made with available measurements of the
drag on vibrating bluff cylinders.

SPANWISE CORRELATION AND SPECTRAL
CONTENT IN THE NEAR WAKE

Once a vibration frequency and amplitude were established, the amplitude distribu-
tion was recorded for the vibrating cable. As one probe traversed the wake from anti-
node to antinode, the crosscorrelation function between that probe and the stationary
probe was determined and recorded. Intermittently the spectral content of the velocity
fluctuations was obtained at various positions of the traversing probe. The results are
shown in Figs. 3 through 12. Figure 3 represents a composite correlation function and
spectral measurement at three Reynolds numbers for a stationary cable. Typical of this
situation is the rapid drop in the crosseorrelation coefficient with increased probe spacing
[4,141 and a nearly uniform amplitude of fluctuating velocity at the Strouhal frequency.
Before considering the effects of cable motion, it is useful to review the characteristics of
the correlation and spectral measurements. The croiscorrelation coefficient between un-
equal frequencies is zero for a sufficient averaging time, whereas between equal frequen-
cies the coefficient varies between -1 and +1, depending on the relative phase of the
signals. On the other hand a spectral measurement records all frequency information and
is insensitive to phase information. Accordingly Fig. 3 demonstrates that the magnitude
of the velocity fluctuations is uniform but varies rapidly in phase, as has often been pro-
posed and observed in the literature for stationary cylinders.

1.0 

2.0 - rig. S - Composite spanwise corretogram and
spectral component at the Strouhal frequency for

,r 1.2x X a* a stationary cable at three Reynolds numbers:
s~4Km Re = 525 (@), Re = 570 (WI, and Re = 610 (X)

1.0 5D 9>0 130 17.0 2a.0

xzMd

In Fig. 4a, at f[f4 = 0.86 and Re = 610, the maximum amplitude is a(0)/d = 0.08,
which is below the tnresnolid of frequency lockilng IOr vortex sheuuing Lroml rigid Cylif-
ders. The crosscorrelation coefficient decreases with increased spacing, although not as

6
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rapidly as for the stationary cable, and there is no significant correlation as the nodal
region of the wake is traversed. Meanwhile the spectral component C, at the Strouhal
frequency differs from the stationary case in that there is a slight decrease approaching
the cable antinodes. A component C; at the body vibration frequency is introduced
which is somewhat smaller than C. and has a distribution that reflects the distribution in
the amplitude of motion. It is likely that the improved correlation is due to an increas-
ingly regular phase relationship of the component C. at the cable frequency.

The results in Fig. 4b were obtained at the same frequency, but the amplitude was
increased sufficiently to place a portion of the cable above the threshold for locking-in
between the wake and the vibrations. The correlation function has a constant value
({t 0.85) about the cable antinode before decreasing to zero at the cable node. Beyond
the node the correlation function changes sign (all graphs show only the modulus of P
and about the adjacent antinode a constant value is again attained but at a smaller
magnitude of PAR. This is not surprising, since a similar effect was observed [141 when
two probes were positioned on opposite sides of the wake behind the same half-wave of
a cable. Virtually all variations and errors will reduce the measured correlation
(particularly for a normalized analog correlation), thus suggesting that these measurements
are conservative and indicate a high degree of actual coherence in the shedding. Mean-
while the spectral content has changed markedly in that the component C5 has almost
disappeared at the cable antinodes and has increased to its original value near the node.
The magnitude of the component Cn at the body vibration frequency is greatly increased
at the antinode and continues to reflect the amplitude distribution, including a zero
value at the node.

At the same frequency but at a greater amplitude (Fig. 4c) these changes are more
pronounced. A larger portion of the cable is above the lock-in threshold, and the magni-
tude of the correlation is slightly higher. For most of these portions C, is zero or within
the level of background noise but appears to hold its original value at the node. Although
C, does not show a zero at the node, a zero value was observed from the real-time
spectral display during the experiments. These observations are consistent with previous
work and with the concept of a synchronization or lock-in of the vortex shedding to the
body motion.

Figure 5 displays measurements for [/J5 = 0.92 and Re = 570, and the results are
similar except that the correlation is constant over greater portions of the cable at smaller
amplitudes. The lock-in boundary for shedding from rigid cylinders [1] at this frequency
is at a much lower amplitude (t 0.1d) than for the conditions illustrated in Fig. 4
(0 O.25d). The observed behavior is then as one would expect.

Figure 6 refers to a single experiment at f/lf - 1.0 and Re = 525. Since Cn = Cs,
little can be determined except the behavior of the correlation B The correlation
function is constant over a larger span of the cable than would -be expected from previous
measurements of frequency locking for cylinders, for which the threshold is about 0.ld.
In fact the correlation does not deteriorate until a/d < 0.07. Figure 7 was obtained at
[/f5 = 1.10 and Re = 480 and demonstrates at this higher frequency the same effects that
are shown in the previous figures.

7
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The correlograms can be used to determine the frequency-locking boundary for each
set of conditions, in that a critical or threshold amplitude corresponding t the rapid drop
in correlation can be found for each frequency. However, the existence of two frequencies
C. and C, implies a certain lack of synchronization. For a cable or other flexible body
with a nde7 the rmnmnent C qhonltid evict in fHle repinn nf thP nodet wvhereas there is
no such requirement for a rigid cylinder. The lock-in boundaries can then be only ap-
proximately equal for the two cases. One would expect that the boundary or, more
precisely, the limit of high correlation depends on the relative amplitudes of C, and C,
along the span of such a flexible body. This is the case, as shown in Table 1, where the
critical amplitudes at from Figs. 4 through 7 are compared with corresponding rigid-
cylinder values and the local ratio of CI C,. A threshold of C£nIC I 10 may be the
better of the two definitions for the lock-in boundaries, but the differences are not great-

The data sutrveyed1 in Fins . thrnnugh 7 permif several nshcervtatinns ande Risertinns
with regard to the time-dependent fluid force distribution on a vibrating cable. In gen-
eral there will be fluctuating force components related to both f and f (fluctuating lift
components f and fS as well as fluctuating drag components at 2f and 2f41. Attempts to
find any correlation in the components at f and 24, show that they are nearly random
and are not likely to contribute to the cable motion. On the other hand there is a regular
phase relationship (high correlation) between the fluctuating forces related to the body
frequency f over much but not all of the cable, and this should be appropriately taken
into account in any description of the actual fluid forces. In the following sections the
'LI. ZTtAIS,-t £ t Yu ctL -as *--t A L7wfl 'caeob Ven£ALra1t;1 L
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Table 1 - A Comparison of the Threshold
Amplitudes at of Frequency-Locking for
Cables (Figs. 4 through 7) and Cylinders

a,/d
flf[ a(O)/d - / XI

Cable I Cylinder

0.86 0.20 0.18 0.25 10
0.86 0.46 0.30 0.25 9
0.92 0.16 0.12 0.10 11
0.92 0.36 0.20 0.10 10
1.00 0.11 0.07 0.10 -
1.10 0.21 0.13 0.10 6

11
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VORTEX SPACING

A spacial crosscorrelation in the downstream x direction from a bluff body, at a
transverse displacement y which is sufficiently large to negate effects from vortices of
opposing sign, yields a periodic function whose wavelength is equal to the longitudinal
spacing for vortices of like sign. For vibrating cylinders the longitudinal vortex spacing X
is independent of the amplitude of vibration but appears to be inversely proportional to
+he viIiratonn frequency at a g.iven flnrnnll l nuln-.r I S 1 .'1 Thi kakirs,s I rtk.-n.
substantiated in Fig. 8, where the product QX/d) (f 8fS) is plotted as a function of Reynolds
number for both cables and rigid cylinders. The longitudinal vortex spacing is constant
in the x direction, and this is indicative of a constant induced vortex street velocity, The
wavelength is then related to the Strouhal number St [ fdlU by

-#l St-', 2
0U

where U and U0 are the vortex-center velocity and free-stream velocity respectively.
Experimental values of U/VU as determined from the frequency and wavelength are
listed in Table 2 and correspond to the points plotted in Fig. B. Included in the figure
are several flagged points corresponding to the experimentally determined values of St- 1 .
From the preceding relation St-1 should be proportional to the measured X/d, and this is
the case. As a reference the dashed lines are included in Fig. S to show the measured
limits of St-' for a stationary circular cylinder. The dashed lines correspond to a smooth
cylinder in low-turbulence flow (lower curve) and a rough cylinder in turbulent flow
(upper curve). These curves represent the superposition of many experimental measure-
ments from many sources. With the exception of Re = 1300, the measured values from
the present study compare well with the plotted vibrating cylinder results.

6.0 -- .-

7 5.0 2
z 4 0

<¢4.0 -

3.0 _

2.0

'102 2 5 1(3 a 5
Re

Fig. 8 - Experimental longitudinal vortex spacing X and reciprocal
Strouhal number St-1 as a function of Reynolds number in the
wakes of vibrating cables (open symbols) and cylinders (solid sym-
bols). The X measurements are for f = 4, (circles), f ~ 0.94s (triangles
with apex upward), and f = 1.1fs (triangles with apex downward).
The dashed lines denote bounds for St 4l from Chen 116 1, and the
symbol denotes St-I from the present experiment.
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Table 2- Vortex Spacing and Convection Speed in the Wakes of Vibrating Cables
(values determined by applying Eq. (2) to data shown in Fig. 8)

1Reynolds Ratio of Maximum Ratio of Vibration Ratio of Vortex vtio and
umer Cable Diameter Strouhal Frequency Diameter Velocties

Re ~a(0)ld f/fe X/d Veloitie

470 0.2 0.9 5.38 0.89
0.2 1.0 5.08 0.92
0.2 1.1 4.60 0.91

570 0.3 0.92 5.22 0.89
715 0.2 0.9 5.20 0.88

0.2 1.0 4.70 0-85
0.2 1.1 4.00 0.82

1300 0.2 0.9 5.44 0.79
0.2 1.0 4.96 0.80
0.2 1.1 4.28 0.76

The results in Table 2 and Fig. 8 were all obtained directly downstream from a
cable antinode. Similar measurements made at various other locations along the cable
span, for a(O)fd = 0.3, f/if = 0.92, and Re = 570, are plotted in Fig. 9. Since the analog
correlation function can respond only to a fluctuation with some regularity in phase,
there is no coherent vortex structure behind the nodal area until z < 0.1SL, where L is
the cable vibration wavelength. The critical amplitude at this frequency for a rigid
cylinder occurs at z = 0.2L; thus this finding is consistent with the results in the previous
section. More importantly the vortex spacing for 0 < z < 0.18L can be obtained directly
from the figure. Once the coherent structure is established, the vortex spacing is constant
across the wake, and this results in a constant induced street velocity at which the vortex
filaments are convected downstream. Figure 9 also suggests that the irregular wake area
downstream from the node is interacting with the downstream portions of the wake
adjacent to it. This spreading of the irregular nodal wake flow has been observed in a
related flow-visualization study of the wakes of vibrating cables in water [171. The cor-
relation function in Fig. 9 is not normalized, so that the large increase in magnitude
approaching the antinode is a consequence of higher velocity fluctuations rather than such
a large improvement in the correlation of the vortex shedding.

Until now the wake behind the vibrating cable has been considered as two regimes
consisting of a synchronized or locked-in segment about the antinode and an unsyn-
chronized segment about the node. However the unsynchronized segment can be further
divided according to the wake structure. The fluctuating velocity spectra downstream
from the nodes in each case contain essentially a single peak at the Strouhal shedding
frequency. This suggests that the wake structure in the immediate vicinity of the node
of a vibrating cable is much like that of a stationary cable. This supposition was verified
by flow visualization, and the resulting photographs in Fig. 10 were taken at Re = 570
with the cable vibrating at the conditions a(O) = 0.3d and f - 0.92f4. Two photographs
were taken at each location and each pair consists of a stationary-cable wake condition
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Fig. 9 -Several strearnwise correlograms at various locations along the cable span for
a(O)fd = 0.3, f/fs = 0M92, and Re = 570

and the analogous vibrating-cable wake condition. For reference purposes each stationary-
cable photograph in the left column renresents the same flow conditions as the corresnond-
ing member of the right column.

Near the node (photographs for z = 0.25L and 0.24L and a/d 0.0 and 0.02) the
two vibrating-cable wake geometries are essentially the same as those of the correspond-
ing stationary cable. The vortex spacings for the two cases were computed, and for these
first two positions the ratios are 0.99 and 1.00, which confirms the similarity in structure.
Further along the cable where the amplitude is larger (aid = 0.09) but still below the lock-
in threshold, the Strouhal shedding structure is modified beyond recognition by the cable
vibration. This wake flowis nlso unsynchronizPd and could he termed a transition regime
the stationary body flow near the node and the wake capture at the higher amplitudes.

The correlograms of Fig. 9 were obtained under nearly identical conditions and
compare well with the flow visualization results. Since the correlation contains some
averaging and the pictures are instantaneous records, it follows that two distinct wake
structures exist in the unsynchronized region associated with a cable node. The correlo-
grams suggest the existence of frequency locking for z < 0.18L, and this also follows

14
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STATIONARY CABLE

Z=0.25L

Z=0.24L

Z=0.22L

Z=0.20L

Z= 0.1 9 L

Z=0.17L

Z=0.00

VIBRATING CABLE

a/d =0.02

a/d =X0 9

a/ =0- I

a'd =O.13

a/d =0.25

ad =0.30

b

Fig. 10 - Flow visualization of several locations along a stationary cable and a vibrating cable at Re =
570. One cable was vibrating at f = 0.92f, with an antinode amplitude of 30% of a diameter peak-to-peak.
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from an examination of the last four photographs of the vibrating cable wake. The wakes
at a/d = 0.11 and a/d = 0.13 are somewhat ragged and reflect the boundary region of
the locked-in shedding, but the measured vortex spacing ratios of the last four photo-
graphs (0.91, 0.93, 0.94, and 0.91) suggest that a single synchronized wake structure is
present. Lastly, the strobe light system, flashing at the vibration frequency, began to
freeze the wake at about z = 0.1SL, and this yields further evidence of the initiation of
the locking-in.

3.,1

c' Re= 230
3.0 * Rem 350

do A O~r t . Re a 373

2,5 -o * Re a 450
\ . *~~~~~~~ Rea 5f,5

L 2 C > s Ds z~~~~~~~ Rem 650

Fig. 11 -Formation length tF downstream
1.5 o o o from a cable antinode as a function of the

wake-capture Strouhal number St* (from Ref.
13_. The dashed line represents measurements
made behind cylinders.

0.0 020 0.24 0.28 0.32 0.36
St 1+ UM(/dm/%St

The final vibrating-cable photograph is comparable in character and regularity to
the previous visualization [1,5,151 of locked-in vortex shedding from rigid cylinders at
lower Reynolds numbers. On the other hand the stationary-cable photographs contain
evidence of turbulence effects not present in the photographs of the vortices at the lower
Reynolds numbers. An important feature to note in the photographs of Fig. 10 is the
apparent suppression of the turbulence for the locked-in shedding from the cable at Re =
570. This effect has been observed previously but not for flexible bodies or at Reynolds
numbers beyond 350. The apparent suppression of turbulent effects will be used in the
modeling of the vortex wake that is discussed in the following sections.

THE VELOCITY FIELD OF THE CABLE WAKE

In the recent examination [13,141 of the vortex formation and early wake develop-
ment behind a vibrating cable, the authors measured the length of the vortex formation
region over a wide range of Reynolds numbers and vibration parameters within the re-
gime of wake capture or lock-in. since there is a close relation between changes in the
formation region flow and changes in the lift, drag, and base pressure on bluff bodies
[13,181. These measurements are summarized in Fig. 11, and the decrease in formation
length QF with St* is indicative of the increased fluid forces which accompany different
vibration conditions. The parameter St* is a wake-capture or frequency-locking Strouhal
number based on the vibration (and vortex) frequency f, a characteristic length (a + d),
and the undisturbed fluid velocity U0.
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These experiments also showed that the formation length and consequently the fluid
forces depend on the frequency and the local amplitude in the wake of a cable, thus sug-
gesting a local relationship between the flow-induced forces and the cable motion. To
determine a relation between the hydrodynamic parameters of the wake and the vibra-
tions, it is necessary to match a model for the vortex street with measured velocity profiles.

A difficult problem arises however during any attempt to systematically compare
the properfti.es of ntex-atreef wnkes under different flow conditionns hecauii the Mneqq_
urements depend on the relative distance from the point at which the vortices are formed,
that is, on the formation length ME. This problem is compounded when any changes are
made in the mechanism of the vortex shedding. Such changes may include mass addition
and splitter plates in the base region of a bluff body or may include the flow-induced and
forced oscillations of structures and taut cables. Such a problem arises in the present
case because the formation region at, for example, Re = 450 is reduced in length from
3.1 to 1.6 diameters as the amplitude of vibration is increased from zero to half a diam-
eter, and any interpretations based on wake measurements made at an arbitrary down-
stream value of x/d can be seriously misleading. The wake of a cable is complicated still
further in that the amplitude of oscillation varies along the cable span. As shown in the
previous sections, this results in a portion of the cable wake where the vortex and vibra-
tion frequencies are fully synchronized, a portion where the amplitude is just below the
lock-in threshold, and finally the flow field downstream from the cable's node.

The rms and mean velocity distributions downstream of a cable antinode are illu-
strated in Figs. 12a and 12b respectively for some typical examples of the cable wake
flow patterns under study here. The velocity distributions in the figures, measured
downstream from the antinode of a vibrating cable, illustrate the development of vortex
wake flow behind a bluff body, which is described in detail elsewhere in the literature
[2,5,10,14,15). A model for the vortex street, described in the next section, was
employed to determine the vortex strength, age, and spacing, and from these findings the
vortex-induced drag was computed. The initiation of the early turbulent wake appears
to be suppressed by the vibrations at these Reynolds numbers between 400 and 600,
thereby making possible the use of the wake model which was previously used for a
similar study at a lower Reynolds number of 144 [15].

A MATHEiMATICAL MODEL FOR THE VORU EX STREET

The downstream portion of the vortex wake of a cable offers suitable locations at
which to measure the strength, age, and spacing of the vortices, with due regard being
given to the constraints which were outlined in the previous section. To account for the
finite core radii of the real vortices, the potential vortices at an abritrary number of posi-
tions in the classical vortex-street model can be replaced by Hamel-Oseen vortices. The
circumferential velocity and vorticity fields of such viscous vortices are respectively

K e-1.26(r/r,)2 r2 = 5.04 Pt, (3a)

and
1.26K -l.26(rlr,42 (3b)

2
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where r* represents the radial distance from the vortex center to the maximum of us0 , t
is the age of the vortex, and K is the initial circulation. The basic von Karman vortex
street, corrected in this way for the effects of viscosity, should be an appropriate model
for the vibrating cable wake, since the flow, at least in the frequency-locking regime, is
governed by local values of vibration amplitude and frequency.

ac0

1.2-
2~ 0&6

at4,
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(a)- Root-mean-square fluctuating velocity distribution
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Fig. 12 - Velocity distributions downstream from a cable anti-
node for Re - 450, Nff = 1.0, and a/d = o.a

The complex velocity potential for an inviscid street of vortices, taken at some
initial time t = 0 and in coordinates (Fig. 13) fixed relative to the equilibrium position
of the cable, is

fK sin ?z Z
2 iKVn sin [i(z' o z + UXz>

= n~~~. .~~4 I.IA I .'.. A Z L -Z ~ -Ž l!' n- T I --- i- ~-- - -:--- '- 1 - ----wvere zF = zCf = rrl tiUu )- =1f4'J - ip. AL nis nijual blaine LUe vortices in the upper
row are at the positions m + (114) + ig and the vortices in the lower row are at the
positions m -(1/4) - ip, for m = 0, ±1, ±2, etc. The velocity components are given by

U - wI _ d 4'
pot pot dz

where z = hz'. The results are
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t I
-1.0 -0Q5
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Fig. 13 - Coordinate system for an infinite vortex
street with constant lateral spacing h and longi-
tudinal spacing X. The vortices Pi and P 2 are re-
placed by Hamel-Oseen viscous vortices in deter-
mining the velocity components given below.
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RO)= ) + ( U0 ' (4c)

and

lim (o7 r F r w(4d
tr 4 XVOl '-0 '-0

~-14

In these equations

h x 

0 a= an annd T

within the range

- O5 •.O5, -q 0.

These results represent those finally obtained with only the potential vortices at the
positions PI and P2 replaced by viscous vortices, since the replacement of others was
-subsequently found to be unnecessary in these and related computations [15,181. Some
recent results of Chaplin [191 have shown that two Hamel-Oseen vortices are sufficient
for small values of the vortex core radius, r, < 0.3A, and the results discussed in the next
section fall within this range.

Several assumptions are inherent in the preceding use of the vortex-street model.
The core radius rq. or age t is assumed to be constant as the street moves over one cycle;
thus the results represent an average value of r5 or t at a given downstream displacement.
Likewise the transverse spacing h of the vortices is constant in the mathematical formula-
tion, and this assumption has been shown to be valid in the downstream region of the
wake where the lateral motion of the vortex centers is small. The finite length of the
real vortex street for x > 0 is also disregarded in the formulation, and this approximation
has also shown to be acceptable 115,181, since in the region of matching the lateral
motion of the vortices is small. Weihs [201 has recently shown that a vortex-street model
with constant lateral spacing has considerable utility as an initial step toward further
understanding of the interaction between a vibrating bluff body and its wake.

The velocity distribution given by Eqs. (4) has been used to evaluate the vortex-
street parameters at several axial positions along the cable's half-wavelength and at several
downstream positions at each of these axial stations. Four unknown parameters are to be
evaluated: the vortex strength K{27r (in units of m2 /s), where K is the initial circulation,
the core radius r, (Im), the lateral spacing h (m), and the longitudinal spacing X (m). The
last, X, was measured directly. The three remaining parameters are determined here from
the experimental velocity profiles by matching the measured and computed mean and
rms velocity profiles at nine equally spaced lateral displacements between 0 and 2d from
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the centerline of the wake. The solution is then chosen as the set of parameters K, r*,
and hif that results in a minimum of the error function

n .~~~2 dry rr HI 

= ft(U.U )2+ (b?-C).(5)
J=J ( m'1j ) (U ] 

A related criterion was successfully employed by the authors in an earlier study of the
circular-cylinder wake [15,18] which also included some preliminary results obtained for
the wake of a cable. The computed velocities ua and U, are obtained by sweeping
through a cycle of the vortex street from t = -0.5 to 0.5, for chosen values of K, r*,
and hidit, aiUei WhicUh ltt UULJ 111th411 Z11U and11 vtnuuiuiroies UU11 tn JJtl JJh X and V ComL'-
ponents are computed at each value of y. The coordinate = 0 then corresponds to the
downstream position of the matching between theory and experiment.

MODEL COMPUTATIONS OF VORTEX STRENGTH AND SPACING

The computations involved in matching the experimental data with the model are
time consuming, but they can be readily carried out on a digital computer. At each of
the chosen values of y/d the velocity q = (1,'2 +- 122)1/2 was detenrmired for chosen values
of r* and h/X over 100 steps in the interval -0.5 < < K 0.5, and the local mean and rms
velocities were computed. An initial guess at K also was necessary, but the solution
quickly converged, and two successive average values of K at all the points were obtained
to within an arbitrary K/Kav, say 10-3. Thus a particular triplet of the parameters K, r1 ,
and h/X resulted in a certain error E as given by Eq. (5), and the solution was defined as
the set of parameters that yielded the minimum error. Some examples are given in Figs.
14 and 15 to indicate the agreement in the lock-in regime between the measured cable-
wake velocity profiles and those generated on the computer. The agreement is comparable
to that which was obtained in a recent study of the wake of a vihrYting cylinder 11i - for
both the rms and mean velocity profiles.

The vortex strength should remain constant over a finite downstream distance in
order for the street model to be an optimum approximation for the real wake. The re-
sults listed in Table 3 indicate that this criterion is satisfied to an acceptable degree in the
present study. Not only does the vortex strength remain virtually constant, but the lateral
spacing of the vortices increases only slightly with downstream distance. The vortex-
strength (circulation) results indicate an increased wake strength in response to the vibra-
tions, and the proportionate increase is similar to what one might exnecnt from avnilbhle
vibrating-cylinder results [15]. For instance, when the wake and cable frequencies are
completely locked in with each other at Re = 570 and at f = 0.92f5 , there is an increase
of 39% from the stationary-cable value (K/7rUod = 0.64) when the amplitude is 24% of a
diameter.

When the wake behind the cable segment vibrating at 8% of a diameter is considered,
the results are more complicated. The results in Figs. 5b and 9 show little discernible
coherence in the downstream shedding at this amplitude, and the wake energy is concen-
trated near the component C. at the vibration frequency f. A matching between the
measured velocity profiles and the vortex-street model was made at two values of
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square velocity profiles in the wake of a vibrating cable
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Fig. 15 - Measured (curves) and computed (points) mean velocity profiles
in the wake of a vibrating cables

Table 3 - Vortex Strength, Spacing, and Drag

. , _ . . Von Karman Drag
aid x/d r*/X hA X/d K1?T U d Coefficient

CDK

Reynolds number = 570; frequency = 0.92f/

0.0 (cable node) |5.1 0.104 0.16 j 4.8 F 0.75 I 1.05
6.0 0.110 0.16 - 0.76

0.08 5.1 0.091 0.134 5.2 0.75
0.150 4.8 0.79 0.94 (X = 5.2d)

6.0 0.095 0.146 5.2 0.76 1.10 (X = 4.8d)
0.160 4.8 0.82

0.24 4.8 0.110 0.135 5.2 0.88 1.13
6.0 0.110 0.137 - 0.87

Reynolds number = 450; frequency =fs

0.0 (stationary cable) - - 0.18 5.0 0.64 0.90

0.30 3.8 0.113 0.14 5.0 1.00 1.49
4.6 0.115 0.14 - 1.02
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longitudinal spacing: X = 4.8d, which corresponds to the stationary cable, and ' = 5.2d
for the vibrations of f = 0.924. An increase in the vortex strength was obtained for each
case, and the spectral content of the wake signal (Fig. Sb) indicates that the vortex
strength corresponding to X = 5.2d is the more appropriate of the two values. An addi-
tional complication arises in trying to interpret the results in the transition segment of
the wake; significant contributions to the spectral content of the near-wake velocities
sometimes included not only f and f4 but also a low-frequency peak at the difference of
these two frequencies and a high-frequency peak at their sum. Thus, a vortex-street model
such as the one employed herein gives only a first approximation to such a complicated
flow regime. Bearman and Davies [211, in reporting some experiments to ascertain the
lock-in boundaries for various bluff body shapes, also observed the appearance of sum
and difference frequencies of f and 4 when lock-in was not complete.

A matching was made also with velocity profiles measured downstream of the cable
node (a = 0). For this location the spacing was X - 4.Sd, which corresponds to the sta-
tionary cable under the same flow conditions. However the wake strength downstream
of the node is somewhat greater than downstream of the stationary cable. The results
in Table 3 indicate that the vortex strength K/lrUd is increased by about 17% from the
stationary reference value. This increase in the strength of the wake downstream from
the cable's node is possibly a result of interactions with the wakes of nearby vibrating
cable segments. Also however the flow-visualization results in the preceding section sug-
gest that the use of the Hamel-Oseen vortex model may be invalid for the nodal region
flow at a Reynolds number of 570. Table 3 includes some results obtained when a cable
was vibrated at the Strouhal frequency, at a Reynolds number of 450. Again, for vibra
tions of the cable antinode at 30% of a diameter, the vortex strength K/7rUod was in-
creased by about 62% from the reference value.

Several further observations can be made in relation to the results contained in
Table 3. The lateral spacing of the vortices decreases as the amplitude of vibration is in-
creased at a fixed frequency, as had previously been found for rigid cylinders [151. For
instance the spacing ratio h/X is decreased from 0.16 to O.14 as the half wavelength of
the cable is traversed at f - 0.924 from the nodal region to an amplitude of 0.24d. A
similar decrease in spacing ratio was also found when the cable was vibrating at the
Strouhal frequency for a Reynolds number of 450.

The values of the vortex core radius r,, obtained from the matching generally fall
between 1.5d and 0.6d for the experiments at Reynolds numbers of 450 and 570 and
can be contrasted with typical results of rP, d at the lower Reynolds number of 144
[151. The smaller core radii at the higher Reynolds numbers indicate the diminishing
importance of the viscous corrections as the Reynolds numbers are increased. Good
agreement is obtained however between the Hamel-Oseen correction, Eq. (3), and the
experimental velocity profiles even at Reynolds numbers of 450 and 570, which are
somewhat beyond the usual range of validity (Reynolds numbers of 200 to 300) for a
laminar vortex model. The suppression of turbulence downstream from the cable anti-
node is probably responsible for the good agreement in the case of the locked-in segment,
whereas the increased irregularity in the wake near the node causes the model to be less
satisfactory in that region.
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VORTEX-INDUCED DRAG

The steady drag force on a bluff body in a uniform stream can be computed by
means of the drag formulation which was derived by von Karman and which is discussed
in detail by Milne-Thomson [221 and Kochin, Kibel, and Roze [23]. This formulation is
based on the following assumptions, which are outlined by Milne-Thomson:

- [iiC Wan Io' IJUI b"JtUbU VL. jJpUIII VVLUuLb,

* The complex potential will be nearly the same as for an infinite street of equally
spaced vortices;

* If the cylinder is surrounded by a control volume whose dimensions are large
compared with those of the cylinder and with the street spacing, and if this contour
advances with the velocity of the vortex street, then the motion on the boundaries will
be steady.

* The formation of the vortices is truly periodic.

Although these assumptions may at first glance appear overly restrictive, they are
satisfied to a remarkable degree in the wakes of vibrating bluff bodies. In previous related
work [15,18] the vortices in the wake at Reynolds numbers of 144 and 450 were cor-
rected for the effects of the vortices' finite cores, but the assumption of point vortices is
reasonable, since a typical dimension of the contour which surrounds the cylinder is
many times the core radius of a vortex. The radii r; of the vortex cores were found bythe authors to be approximately 0.5d to d in the .a1+nc Cylinder And cable w.ae [1 Pi

Ft- -~~~~Lt11 -b±LJJ U4ng - i ±II4t Wi'tL VI a'- [ ~ (3
The use of the complex potential for an infinite vortex street neglects the presence of the
body but yields good agreement with the velocity field of the wake in the region where
the street is fully developed with little lateral motion. Finally the periodic street of
vortices is an excellent approximation for the wake of a vibrating bluff body because of
the increased two-dimensionality and periodicity in the wake as a result of body vibrations
within the lock-in regime.

The configuration just mentioned is illustrated in Fig. 16. In coordinates fixed to
the equilibrium nosition of the horhr the undisturbed flow velocity is U-, and the vortices
move downstream with the velocity fX, where f is the vibration (and vortex) frequency
and X is the longitudinal spacing. If the contour ABCD is fixed relative to the vortex
street and all motions are viewed from that reference frame, then the body of diameter d
moves to the left with the velocity - fit, the vortex street is stationary, and the fluid far
from the wake and ahead of the cylinder has a velocity U. - f X. This system is dynami-
cally equivalent to the case of uniform flow past the body. When an otherwise stationary
bluff body is vibrating in the y direction, the increased vortex drag should be accompanied
by changes in the momentum and force balances on the fluid contained within the con-
tour. The steadv drag is obtained in the classira dlevelonnmPnt hv integ-rrating fthe inctan-
taneous drag expression over a period of the natural vortex motion; in the case of a
vibrating bluff body the period of the integration is equal to the synchronized periods of
the vortex street and the body motion.

The resulting vortex drag equation, following the developments of Milne-Thomson
[22] and Kochin, Kibel, and Roze [231, is
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it-tx -" Wa~~~~~~~~~~(1 

T : ABODrK/2r

B A

Ptg, 16-'Me contour AB-OD wvhi^ bound~s a controT
volume containing a cylinder and a vortex street gen-
erated by the cylinder. The cylinder oscillates at condi-
tions corresponding to any single point on a flexible
cable, and the contour as indicated is fixed relative to
the vortices.

D pK2_ pK(2fX - U) (6

where D is the drag force per unit distance along the body span, K is the initial circula-
tion of the vortices, and h is the lateral spacing of the vortex street. The von Karman
drag coefficient CDK then is

01DK = DKK)d+21fX-1 (7l
pU72d r (OJd [& (;2 ([X ')43U )

This same equation was obtained by Synge [241 in his computation of the steady
vortex drag on a bluff body. Synge however obtained his version of Eq. (7) after assum-
ing that the fully developed vortex street was made up of a semi-infinite street of point
vortices with constant lateral and longitudinal spacings. The results obtained with the
von Karman drag nmodel will now be discussed for the particular case of a vibrating flexi-
ble cable. These results obtained from the wake of a cable will then be compared with
available results obtained with vibrating rigid cylinders.

SOME COMPARISONS WITH THE DRAG
ON VIBRATING CYLINDERS

The von Karman drag coefficients CDK listed in Table 3 were determined by using
Eq. (7), and for all of the results listed higher drag coefficients were obtained relative to
a stationary cylinder or cable under similar flow conditions. For example, at Re 450
the antinodal region of the cable's wake had a von Karman drag coefficient COK = 1.49,
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which is about 65% greater than the corresponding stationary-cable value (CDKxo = 0.9).
The vibrating cable at Re = 580 and f = 0.92fS also resulted in a higher vortex-induced
drag coefficient of CDK = 1.13, or an increase of 25% from the stationary-cable value.
For both of these experiments the amplitude of vibration was above the threshold for
locking-in of the vortex and vibration frequencies.

The drag results obtained at the cable node and at an amplitude of a = 0.08d are not
so straightforward, though both indicate an increase in drag corresponding to the increased
strength of the wake. The ambiguity in the vortex longitudinal spacing at a = 0.08d re-
sults in an ambiguity in the drag coefficient at that location, though increased drag and
an increased wake strength are clearly indicated. The results obtained in the region of
the cable's node also suggest an increase in the drag and the wake strength from the
stationary cable wake. However virtually no coherence in the downstream velocity signals
was found in the nodal region (Fig. 9), and the drag coefficient calculated with Eq. (7)
can give only an "equivalent" value of vortex-induced drag.

It is useful to obtain a further measure of the von Karman drag behavior by means
of a comparison with direct measurements of the drag on vibrating circular cylinders.
Tanida, Okajima, and Watanabe [25] recently measured the drag on a vibrating cylinder
for a wide range of experimental conditions at Reynolds numbers of 80 and 4000. In
their experiments a cylinder was towed through still water in a tank and vibrated at fre-
quencies both in and out of the lock-in regime, and both transverse to and in-line with
the tow direction. Direct measurements of the drag on freely vibrating rigid cylinders
have also recently been reported by Griffin, Skop, and Koopmann [261 and by Diana
and Falco [27]. These measured force results are compared with the vortex-induced von
Karman drag coefficients from Table 3 in Fig. 17, where the drag results (normalized by
corresponding stationary-cylinder and cable drag values) are plotted as the function of
the wake-capture Strouhal number St*. Also plotted in the figure are the results obtained
for the vortex circulation K (or strength K/2ng) for both cables and cylinders. The
pertinent information necessary to describe the data in Fig. 17 is listed in Table 4.

The most important result shown in Fig. 17 is the correspondence between the in-
creased wake strength and drag forces as a bluff body such as a cable or cylinder under-
goes vortex-induced resonant oscillations or is forced to vibrate in the lock-in regime.
This increase in the drag on a vibrating bluff body is largely a result of the increased
vortex strength in the wake, since a decrease in the lateral spacing of the vortices gen-
erally corresponds to a decrease in drag. For all conditions illustrated by the data plotted
in the figure a drag amplification of up to 80% is shown to accompany the vibrations.
Also, the results illustrate an insensitivity to Reynolds number effects once a body is
resonantly vibrating. The results of Griffin and Ramberg [I8] span the range of Re from
144 to 570, and those of Tanida, Okajima, and Watanabe [251 were obtained at Re = 80
and 4000. The drag measurements for a freely vibrating cylinder reported by Griffin,
Skop, and Koopmann [26] were made at Re between 500 and 900, and those of Diana
and Falco [27] were made at Re between 2000 and 60,000. Thus the drag amplification
and wake response of bluff bodies such as taut cables and cylinders are largely independ-
ent of Reynolds number when these structures vibrate under conditions of lock-in.
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Fig. 17 - The von Karman drag coeffi-
cient CDK, the vortex circulation K, and
the drag coefficient CD from direct meas-
urement as a function of the normalized
wake parameter St */St. The legend for
the data points is given in Table 4.
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Table 4 - Legend for Experimental Vortex-Strength and Drag Data in Fig. 17

Reynolds Strouhalj
Symbol Parameter a/d Number Number Investigators

Re St
_ _ _ _ _ . .__ _ _ _ -__ _ 1 --__ _ _ L. _ _ _, ___ _ _ _ _ _ _ _ _ _ _ _ _ _

Cable

o K/K0 0.24 570 0.21 Present study
O K/K0 0.08 570 021 Present study
* K/IK Node 570 0.21 Present study
A K/Ko 0.30 450 0.21 Griffin and Ramberg [181
5 CDK/CDK,O 0.24 570 0.21 Present study
9 CDKICDK,0 0.08 570 0.21 Present study

-U V JDK UDK,0 Node 5701 U.21 Present study
V CDK/CDK,0 0.30 450 0.21 Griffin and Ramberg 1181

Rigid Cylinder, Forced Vibration

+ K/KO - 144 0.18 Griffin and Ramberg 1181
A CDKICDK,0 - 144 0.18 Griffin and Ramberg t181
® CD3/D,O -80 0.14 Tanida, Okajima, and Watanabe [251

CD ID/CD, _ 4000 0.18 Tanida, Okajima, and Watanabe [251

Rigid Cylinder, Freely Vibrating

CD/I CD, - I 500-900 0.21 Griffin, Skop, and Koopmann 1261
X CDIuJo C- 0 2000- 0.19 ) Diana and Falco [271

t > [I sooo I60,000
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SUMMARY AND CONCLUDING REMARKS

This report has examined the vortex wake flow of a vibrating flexible cable in the
Reynolds number range 470 to 1300. As a result of measurements of velocity correla-
tions and spectra in the flow, measurements of velocity profiles, and flow visualization,
three distinct flow regimes have been identified along the cable span.

In the inanediase vieunuy of a caule nude the low closely resembles hata pass a sia-
tionary body, the velocity fluctuations in the near wake occur principally at the Strouhal
frequency, and there is little or no spanwise coherence in the vortex shedding. Conse-
quently time-dependent fluid forces which result from this shedding process are not likely
to contribute to the vortex-induced motions of the cable.

Adjacent to the nodal region and extending to the region where the vortex shedding
frequency is captured by the cable motion is a transition region wherein the spanwise
correlation in the shedding begins to increase. There are major fluctuating velocity com-
ponents a- both +hie Qrouhal frequency and the body vnAratin freqmncy wi this&
second region, as well as lesser contributions at the sum and difference frequencies of the
two major components. Plow visualization has revealed an irregular vortex pattern which
is not identified with the vortex geometries characteristic either of the stationary cable or
of a cable vibrating in synchronism with its wake. The time-dependent fluid forces acting
on this segment contain several frequency components, but based on the correlation
measurements presented here only the component at the vibration frequency contributes
significantly to the motion.

A +hird regime nxists in tha portion of the flow centered at the cable antinode and
this regime is the one in which the vortex shedding is locked into the cable vibration fre-
quency. The character and the extent of this regime have been studied previously by the
authors [13,14]. The correlation in the shedding is high (p - 0.9) in this region, and the
spectral content is dominated by a sharp peak at the vibration frequency. The amplitude
of this spectral peak is distributed axially in the same sinusoidal distribution as the cable's
amplitude of vibration. There is a direct correspondence between the vortex wake at any
point in this regime and the wake of a rigid cylinder vibrating at the same Reynolds num-
ber, frequency, and local amplitude. Moreover the extent of this region can be closely
nnnrnximsztpd hv th.o hnindlArips nf thp lnnlk-in rnovimn nraiinnlcli7 frnnAl fnr rinrl nirlinnlare
This approximation was examined here by means of vortex coherence and spectral meas-
urements, and its validity was confirmed under conditions for which vortex-induced trans-
verse "strumming" vibrations of cables are likely to occur.

Downstream velocity profiles and the measured longitudinal vortex spacing were
matched with a mathematical model for the vortex street to determine the strength and
lateral spacing of the vortex street. These parameters were obtained by satisfying a
minimum-error criterion previously employed with success by the authors [151. As in
the case of a vibrating rigid cylinder the lateral spacing of the vortex street. decreases with
increasing amplitude of cable vibration and is unaffected by changes in frequency of
oscillation. Meanwhile the longitudinal vortex spacing varies inversely with vibration
frequency and is independent of amplitude in the regime where the body and wake fre-
quencies are synchronized.
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An inverse relation was found between the vortex strength (initial circulation) and
the length of the formation region. This is also in agreement with previous results for
vibrating cylinders. The use of a simple vortex model was shown to be appropriate for
the locked-in regime of the cable wake due to the apparent suppression of turbulence by
the synchronization of the vortex shedding and motion.

The von Karman drag formula was employed to compute the steady drag on the
vi:Lraing cables. Once again an inverse reaLion wUas found between the steady drag
coefficient and the length of vortex formation behind the cable. This result further con-
firms the close relation,, previously shown [181, between changes in the flow-induced forces
and changes in the wake flow which accompany the vibrations. Moreover, since the length
of vortex formation varies along the span and inversely reflects the amplitude distribution,
the steady drag is distributed sinusoidally over most of the cable. The only exceptions
are near the nodes, where the steady drag approaches the stationary-cable value. In this
report the computed steady drag was increased by the vibrations as much as 65% from
the stationary-cable value. The computed steady drag coefficients for the vibrating cable
-were l<uvl Wo be iIn goou agreementl wiltu Wdrte:ct fVtre UAes>-r}eL r VIraLYL11 eyLYInulurl
and cables.

The time-dependent (fluctuating lift and drag) fluid force distributions can be inferred
from the results of this report. For modeling purposes one is most interested in the com-
ponents that contribute to the cable motion. It would thus seem reasonable to expect
these components to be distributed in the same manner as the amplitude of motion as a
result of the spectral measurements and vortex-strength computations. That is to say, the
time-dependent forces possess a pure mode form. According to the correlation measure-
mtients iouwtever such a miotuel Will overIeslt.inLatle t it-aCIUA Luceb iII uaecub ltlabunI bu un1e
extent of the transition regime relative to the extent of the locking-in over a cables half-
wavelength. For typical cable strumming amplitudes (a(0)/d - 1) the transition regime
will be relatively short, and one can estimate that the assumption of only a pure mode
distribution overpredicts the cable response by less than 3 percent. (Such an estimate
can be obtained by crudely accounting for the presence of transition regimes and corn-
paring the work done per cycle to that of a pure mode distribution.) However pure a
mode distribution is certainly simpler to implement and yields a slightly conservative
estimate of the cable's response.
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